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 Abstract 
 
 
The space solar power system (SSPS) transfers enormous amounts of electrical energy through 
microwave or laser. SSPS must have very large and light-weight structures to collect the solar energy. 
The surface is covered with solar photovoltaic cells to collect and transform the incoming solar 
radiation into DC electricity. The transmission to ground would be performed with microwaves. 
Considered microwave frequency is 5.8 GHz. For conversion a large number of active elements 
together with carbon-fiber slotted wave guides or patch/microstrip antennas may be used. Flight 
demonstration onboard a small satellite in low Earth orbit (LEO) is now under consideration. When 
high-power microwaves are irradiated from an antenna in LEO plasma environment, there is a 
concern about multi-pactoring discharge caused by interaction between the plasma and the 
microwaves. There has been no experimental observation of such an interaction phenomenon. 
Verification experiments are essential for SSPS to become a reality. We have set-up an experimental 
system that can simulate the radiation of high power microwave in dense plasma in a vacuum 
chamber. A RF plasma source is installed to the chamber and can now produce the Argon plasma 
environment of density from 1011 to 1013m-3 with 4eV to 6eV temperature under a back pressure of 
1.9x10-5Pa. A patch antenna with Teflon or Glass epoxy substrate has been installed inside the vacuum 
chamber. The antenna is connected to a magnetron that can produce 5.8GHz microwave up to 400W 
continuous power. I examine interaction between patch antenna surface and microwave in a vacuum 
chamber. I observe discharge on the patch antenna depending on the microwave strength and plasma 
environment.  
This thesis is made of five chapters. The first chapter introduces the general objective of 
study. The second chapter describes the experimental setup and procedure. The third chapter 
reports the experimental results. The fourth chapter compares a hypothesis about the 
discharge inception mechanism against the experimental results. The fifth chapter concludes 
the paper with suggestions to the future works. 
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1. Introduction 
1.1.  Space solar Energy 
  1.1.1 A historical background 
   The global demand for energy is increasing due to population growth, as increased energy 
consumption is driven by the equally strong economic growth in many developing nations [1]. 
Among various sources of energy, fossil fuels as oil, natural-gas, coal, and nuclear energy are 
the most important sources of energy. However, these energy sources especially the 
renewable ones have limited supply that fails to fulfill the demand of modern and future 
industries. According to a recent prediction [2], the production rate of global oil is going to 
decrease within the next 10~20 years and this tendency is expected to continue. Moreover, 
the combustion of fossil fuels has already witnessed the harmful effects on the delicate 
balance of nature on our planet. Especially, the carbon dioxide of about 20×1012 kg is being 
emitted to the atmosphere every year, mainly from burning of fossil fuels [3-6]. Renewable 
energies use energy sources that are continuously being replenished by nature-the Sun, 
Earth’s heat, wind, and water. Most of renewable energy technologies convert such fuels into 
electrical energy for use, but they can also be converted into thermal, mechanical, and 
chemical energies. Such renewable energy technologies can consider clean or green 
environment since they only produce small amount of pollutants which inflict minimal 
impact on the environment. Therefore, the space solar power system (SSPS) [7,8], is 
expected as one of the solutions to the problem. Dr. Peter Glaser proposed the concept of a 
Solar Power Satellite (SPS) in 1968 [9]. The SPS collects solar power using a large-scale 
photovoltaic array in space and transmitting it to Earth via microwave or laser beam. The SPS 
was recently renamed as space solar power systems (SSPS), emphasizing its “system” aspect 
[10]. In geosynchronous orbit (GEO), SSPS can collect power at any time, giving it 
significant potential as a large-scale clean energy system to replace fossil fuel plants. 
Microwave-based SSPS, as shown in Fig. 1.1, transfers an enormous amount of electrical 
energy in the form of microwave. The ground-based rectifying antenna would collect the 
microwave beam for conversion into electricity and subsequent connection to commercial 
power grids [10]. SSPS has some merits such as good solar energy collection efficiency, long 
lifetime, and lower carbon dioxide emission compared to energy generated in the ground 
plants. So SSPS can reduce global warming and ensure stable supply of electricity.?One 
motivation for pursuing SSPS is that the Sun’s irradiation can be utilized more efficiently in 
space than on Earth due to the independence of the 24-h day-and-night cycle and weather 
2 
 
conditions. In GEO, there is a permanent illumination of an SSPS all year long-except for 
short periods during vernal and autumnal equinoxes [11]. Before commercialization of SSPS, 
it must go through various technological demonstrations in orbit. Although the commercial 
SSPS is envisioned at GEO to supply continuous power to the ground, the first demonstration 
of the wireless power transmission between space and ground will be done using a satellite in 
low Earth orbit (LEO) for easy access to the orbit and short distance.?
 
 
 
Fig. 1.1  SSPS concept of USEF.  
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1.1.2 Wireless power transmission 
In the microwave frequency band, the history of wireless power transmission (WPT) began in 
earnest with the outbreak of World War II as an effort to use new microwave technology 
developed during war. WPT system is defined as efficient transmission of power from one 
point to another over vacuum in space or atmosphere of the Earth without use of wiring and 
other matters. WPT is differentiated from point-to-point communication system in free space 
by technological and physical elements with high efficiency, relative high level of power 
control, and clear difference from elements used by communication system. In application of 
microwave system, it is mostly classified into 4 major parts: (1) conversion of D.C. power to 
microwave power, (2) transmission antenna that converts microwave power to narrow beam, 
(3) segment of space in which microwave power is transmitted, and (4) absorption of 
microwave and conversion to D.C. power at the reception point. WPT is an important part of 
space development and has unique characteristics. Such unique characteristics are as follows.  
(1) There is no mass such as wires and transmission devices demanded between energy 
source and point of consumption. 
(2) Energy can be transmitted at the speed of light.  
(3) Direction of energy transfer can be rapidly changed.  
(4) Energy transmitted over vacuum in space is not lost, and it is slightly lost over 
atmosphere of the Earth in longer microwave wavelengths. 
(5) Mass of power converter in system terminals can be low because they work at 
microwave frequency.  
(6) Energy transfer between two points is independent from gravitational potential 
difference between the points. 
In item (4), vacuum in space can be regarded as a superconductor. Since there is no loss in 
microwave energy during propagation through space energy, it can be transmitted to far 
distance as from Geostationary Earth Orbit (GEO) to Earth and the concept of space solar 
power satellite (SSPS) can be devised [12]. The concept of the SSPS is to collect solar energy 
for solar generation at GEO, convert energy to microwave power, send power to Earth as 
beam power, and convert it to D.C. power using a large rectenna. Two basic methods of 
transmitting power from spacecraft to receiver are microwave and laser. Important system to 
be taken into account for selection of optimal technology include 1) conversion efficiency, 2) 
transmitter size and mass, 3) receiver size and mass, 4) transmission losses due to attenuation, 
diffraction, scattering, etc., and 5) safety and environmental issues. When transmitting power 
to a ground receiver, atmospheric attenuation is an important factor that inflicts critical 
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impact effective for all weathers at frequency of ~5 to 10 GHz or higher [13]. During 
transmission of ultraviolet ray and laser in the optical system, typical attenuation level of 
receiver located in 2,300m altitude is 2 to 10 dB because of changes in the clouds [14]. 
Attenuation at sea level is at least 0.5 dB with clear sky (visibility of 23.5 km), 2.0 dB with 
cloudy sky (visibility of 5 km), and 5.0 dB at an angle of 70 degrees from the zenith [15]. 
Atmospheric attenuation relies heavily on weather, contamination of dust particle, ground site 
altitude, and angle of observation from the zenith. Short microwave, millimeter wave, and 
changes in the size of light waves and atmospheric attenuation are the biggest reasons for 
most of solar generation concepts in space to use one of microwave transmissions at 2.4 or 
5.8 GHz. Strong motivation for power transmission at high microwave frequency or light 
wavelength demands much smaller transmitter and receiver apertures. While extremely 
efficient antennas can be designed by this, apertures required at 2.4 or 5.8 GHz for GEO 
design are very large ( >1 km). As summarized in Table 1, this is clearly explained by the 
reference design created over the past 10 years by NASA (National Aeronautics and Space 
Administration) and JAXA (Japan Aerospace Exploration Agency) [16]. 
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Table 1.  Typical Parameters of Various GEO-Based SBSP (Space-based Solar Power) 
Concepts [13], [16]. 
 
Model 
Old JAXA 
model 
JAXA1 model JAXA2 model 
NASA-DOE 
model 
Frequency 5.8GHz 5.8GHz 5.8GHz 2.45GHz 
Diameter of 
transmitting 
antenna 
2.6 km 1 km 1.93 km 1 km 
Amplitude taper 10 dB Gaussian 10 dB Gaussian 10 dB Gaussian 10 dB Gaussian 
Output power 
(beamed to earth) 
1.3 GW 1.3 GW 1.3 GW 6.72 GW 
Maximum power 
density at center 
63 mW / cm2 420 mW / cm2 114 mW / cm2 2.2 mW / cm2 
Minimum power 
density at edge 
6.3 mW / cm2 42 mW / cm2 11.4 mW / cm2 0.22 mW / cm2 
Antenna spacing 0.75 λ 0.75 λ 0.75 λ 0.75 λ 
Power per one 
antenna 
Max. 0.95 W Max. 6.1 W Max. 1.7 W Max. 185 W 
Rectenna Diameter 2.0 km 3.4 km 2.45 km 10 km 
Maximum Power 
density 
180 mW / cm2 26 mW / cm2 100 mW / cm2 23 mW / cm2 
Collection 
efficiency 
96.5 % 86 % 87 % 5 % 
? DOE : The U.S. Department of Energy 
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1.2. Space environment 
Space environment was derived from astronautics, aerospace engineering and space physics 
to understand existential state of space which influences operation of spacecraft. Space and 
atmospheric environments the near Earth have strong impact on performance and life span of 
space systems operated by size, mass, complexity, and cost. Interaction of some environments 
limit the technological potential of such systems. Space and atmospheric environments near 
Earth may cause costly failure or damage in components or sub systems [17]. In terms of 
space environment, we are included in the energetic charged particle radiation environment, 
hot and cold plasmas, neutrals atoms and molecules, dust, micrometeoroids and space debris 
related to us. Environment with spacecraft is composed of a combination between the 
surrounding and spacecraft. Orbit of spacecraft generally belongs to a specific orbit group 
depending on the purpose of spacecraft. There are five orbit groups around Earth that are 
specially related to interaction of spacecraft. Other planets have the same components to the 
environment but different characteristics. These are: low Earth orbit (LEO), medium Earth 
orbit (MEO), polar orbit (PEO), geosynchronous orbit (GEO), and interplanetary orbit. 
Therefore, spacecraft requires many different types for successful operation. Each system can 
affect and be affected by environment. Systems also can be added to induction environment 
nearby spacecraft. 
 Standard systems are: power, propulsion, attitude control, structure, thermal control, 
avionics, communications, and the payload. Communication system provides bidirectional 
commands and data connection link with ground system. It is composed of the transmitters, 
receivers, spacecraft antennas, and actuators necessary to orient them. Therefore we must 
consider interaction between the environment and wireless power transmission of SSPS.  
First, environment of neutral gas must be considered. This component has a potential side 
effect on spacecraft. The ambient neutral environment in LEO below ~ 800km is dominated 
by the Earth’s residual atmosphere, which is primarily monatomic oxygen over most of the 
altitude range. The atmosphere exerts an aerodynamic drag force on spacecraft. This drag 
force arises from the impact of the atmospheric particles on the spacecraft surfaces. In LEO, 
the impact of the atmospheric particles on spacecraft can initiate physical and chemical 
changes in the materials composing the structure of spacecraft. Neutral environment induced 
around spacecraft is generated by emission of neutral gas from the source. Since many 
materials show very low neutral gas pressure in space compared to pressure on Earth, it is 
known as emission of gas absorbed by exposure to the space environment. Plasma component 
of the environment shows current flow on the external skin of spacecraft and exposed part of 
power sub system. Fundamental imbalance in this current flow is resulted by accumulation of 
electric charge on all surfaces exposed to plasma. Charging can be a cause of photoelectric 
effect when electrons at low energy are emitted to the surface and irradiated by the Sun. The 
effect of current flowing in spacecraft can becomes a serious cause of difference in charge 
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accumulation on the surface of spacecraft. This charge creates potential gradients between the 
spacecraft ground and space plasma relative to the electrically insulated surface of spacecraft. 
Moreover, creation of potential difference on the surface of spacecraft or in power 
system causes destructive arc discharge or microarcs that generates electromagnetic noise and 
surface erosion. Such surface erosion contributes to gas and dust environment around 
spacecraft. For highly biased solar arrays (generating greater than 100volts), destruction of 
array by generally designed solar cell was found to be an arc induced by LEO plasma. For 
spacecraft in GEO, plasma is extremely vital and charging environment can become much 
more serious compared to LEO. This plasma can maintain surface potential difference of 
several thousand volts between spacecraft structure, surface, and space plasma. Arc related to 
large potential difference is believed to have direct relationship with many other abnormal 
operations as well as failures of various GEO satellites. Accumulation of charge on the 
spacecraft except for arc can attract charged contaminants sensitive to the surface. These 
contaminants may change properties on the surface and charging characteristics. This occurs 
in satellites in GEO and is an example of synergy effect between plasma and neutral 
environment. As another example, flux of such neutral species on the surface can improve 
possibility of arcing related to exposed part of power system by supply of ionized electron 
source. Direct radiation damage can be temporary or permanent. Temporary damage occurs 
when the status of electronic part is momentarily changed by the passage of high energy 
passing through the part. This is known as a single-event effect (SEE) and can cause resetting 
of clock on spacecraft, random change in access memory, increased noise in charge coupled 
device, and other incorrect signals. Especially in severe cases, SEE can be a cause of ‘latch 
up’, which brings permanent damage from degeneration of integrated circuit. In addition to 
radiation effect of particles, photon radiation effect can affect the spacecraft system. Also, the 
effect of meteor or space debris particle environment can damage or destroy spacecraft. In 
LEO, velocity of kinetic energy even for small particles is so large as to inflict serious 
damage. Micrometeoroid impact velocities are typically 15 to 20km/s and can be as large as 
70km/s. The issue of damage from orbital debris has become one of the driving issues for the 
design of the space station. In addition, impacts can induce arcing on structures and surface 
materials under voltage stresses of less than 100volts [18]. 
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1.3. Multipactor discharge 
Multipactor discharge is a resonant vacuum discharge frequently observed in microwave 
systems such as radio frequency window,[19-24] accelerator structures,[25,26] microwave 
tubes and devices,[24,27-30] and RF satellite payloads [31-33]. The discharge can occur in a 
wide range of frequencies, from the MHz range to tens of GHz, and in a wide array of 
geometries. Multipactor discharge is a ubiquitous phenomenon observed in a multitude of 
devices that employ microwaves. It may occur when a metallic gap or a dielectric surface is 
exposed to an AC electric field under some favorable conditions, and its avoidance has been a 
major concern in development of high-power microwave sources, RF accelerators and 
space-based communication systems [20,44-45]. The underlying mechanism behind the 
multipactor discharge is an avalanche caused by secondary electrons. The discharge can take 
place on a single surface or between two surfaces [34]. This experiment deal with 
single-surface multipactor shown in Fig. 1.2 
At the first stage, a stray electron gains energy from the RF electric field (Erf) that is parallel 
to the dielectric surface. If this electron collides with the surface of the dielectric, then one or 
more secondary electrons are freed from the surface. At the second stage, when the secondary 
electrons leave the dielectric, a net positive charge is left on the surface of the dielectric. This 
net positive charge causes a DC electric field (Edc) normal to the dielectric surface. This Edc 
causes the trajectory of the electron to be bent back towards the dielectric. If these electrons 
gain enough energy from Erf, then they can produce more secondary electrons when they hit 
the surface and the multiplication process is initiated. At the third stage, a half RF cycle later, 
the Erf reverses its direction, leading to severe local heating of the dielectric by electrons. 
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Fig. 1.2  Schematic of a single-surface multipactor in a parallel RF and normal DC electric 
fields. 
 
Synchronism between the RF field and the orbits is not critical in the single-surface 
multipactor because in half RF cycle there are tens of impacts of multipactor electrons [35]. 
The fundamental mode of the multipacting mechanism of high-frequency gaseous breakdown 
is also known as the secondary electron resonance mechanism. It is postulated on 1/2-cycle 
electron transit time between electrodes, and electron multiplication by secondary electron 
emission at the electrode surface [36]. 
 
1.4. Previous works 
Solar power satellite concepts have been examined in depth on several occasions in the past 
[37,38], and interest has been renewed in recent years [39-41] because of improvements in a 
number of relevant technologies. Important and general aspects of WPT are frequency and 
wavelength at which it is used. In general, any frequencies from 1GHz all the way up to and 
including optical frequencies can be used. There is no transmission loss at any of these 
frequencies in space vacuum. However in the atmosphere of Earth, attenuation occurs at 
higher frequency. Especially, attenuation must be considered with rain and absorption by 
plasma. Transmission and reception efficiencies were always larger at lower frequency. 
However, use of low frequency is not attractive in some applications because large 
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transmission and reception apertures are required. Early studies on WPT were conducted in 
the 2.4-2.5GHz ISM (Industrial, Scientific, Medical) band. In case of WPT, Spencer 
Laboratory of the Raytheon Company operated a helicopter using microwave power in 
October 1964. It was continuously maintained for several months using microwave energy 
fuel transmitted from high altitude on the surface of Earth not only for demonstration of WPT 
but also for communicative and monitoring functions. However, many years were spent on 
preparation for the first flight. Despite the fact that basic technology for WPT was introduced 
during World War II, there was no immediate effort to develop WPT using the available 
technology. In 1961, Goubau and Schwering presented a research paper that helped accept 
WPT. Their paper showed that power can be transferred to certain distance at an efficiency 
close to 100%. They demonstrated an actual increase in power density of beam with 
transmission and reception apertures have appropriate size and shape when the beam passes 
through the surface at Gaussian distribution of energy. Prior to this paper, the engineering 
community accepted power density to reduce proportionally to square of distance. Other 
important incidents occurred between 1961 and 1964, from presentation of the paper to 
successful flight of helicopter. Important development of “rectenna” took place during this 
period. Rectenna is a term derived from “rectifier” and “antenna”, and it is a reception device 
that captures microwave and immediately converts it to D.C. power. The SPS concept had 
significant impact on future development of microwave power transmission. Dr. Glaser and 
Dr. Brown recognized an interrelationship between the SPS concept and microwave power 
transmission technology. At the International Symposium of the International Microwave 
Power Institute held in Hague during 1970, they organized the first technology session of 
SPS dedicated to microwave perspective [12]. Studies on transmitter and receiver have been 
conducted in relation to efficiency of power transmission, and it is one of core technologies in 
the concept of SSPS. However, none of such diverse studies on SSPS was directly about 
discharge of transmitter during transfer of microwave power. 
 
1.5. Anticipated phenomena 
The transmission to ground would be performed with microwaves. Considered microwave 
frequency is 5.8GHz. For beam focusing and steering, the antenna elements must form a 
coupled phased array. A patch antenna with its electric field when it radiates radio frequency 
is shown in Fig. 1.3. The electromagnetic energy is first guided or coupled to the region under 
the patch, which acts like a resonant cavity with open circuits on the sides. Some of the 
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energy leaks out of the cavity and radiates into space, resulting in an antenna. The electric 
field is zero at the center of the patch, maximum (positive) on one side (B region), and 
minimum (negative) on the opposite side (A region). It should be mentioned that the 
minimum and the maximum continuously change the side according to the instantaneous 
phase of the applied signal. The electric field does not stop abruptly at the patch’s periphery 
as in a cavity; rather, the fields extend the outer periphery to some degrees. These field 
extensions are known as fringing fields and cause the patch to radiate. 
 
 
 
 
Fig. 1.3  Nature of electric field when a patch antenna radiates microwave 
 
We predict that microwave will have high power of 1kW per 1m2 when the microwave is 
radiated by space solar power system in space environment. Multipactor discharge is known 
to be likely to occur when a microwave is concentrated in a vacuum environment. In addition, 
there is a possibility of RF gas discharge when the gas density increases by outgassing. 
Occurrence of any discharge is due to supply of energy from microwave to electrons. In LEO, 
the satellite will be surrounded by ionospheric plasma whose density range is from 1010 to 
1012 m-3, six orders of magnitude higher than the plasma density at GEO. A severe interaction 
between the surrounding plasma and the antenna, such as electrostatic discharge, is 
envisioned [42]. The problem of the discharge caused by high intensity microwave radiation 
in LEO is a common matter of concern at synthetic aperture radar (SAR) or the like it. 
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Therefore, before the experiment in LEO, the interaction phenomena must be studied on the 
ground. The author anticipates that discharge occurs on the antenna surface due to 
multipactoring and RF gas breakdown. 
 
1.6. Objective of the thesis 
SSPS transfers an enormous amount of electrical energy in the form of microwaves. The 
main purpose of the orbital demonstration is to steer the beam power to a specific point on 
the ground using a phased array antenna. Therefore, before the experiment at LEO, the 
interaction phenomena must be studied in ground. The purpose of this study is to carry out 
laboratory experiments to observe the discharge phenomena occurring on the antenna surface 
when it emits strong microwaves in a plasma environment similar to LEO. 
The first purpose of the experiment is to see how the discharge occurs and second to study 
why it occurs. In this study, a circular patch antenna was chosen as a test sample because it is 
a strong candidate for the phased array antenna of the SSPS demonstration satellite as well as 
to the final commercial SSPS, due to its simplicity and ease of manufacture. 
So far, the discharge phenomena have never been studied with microwave radiation in a 
plasma environment similar to the LEO. So, the occurrence of discharge phenomena is 
observed first.   
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2. Experiment and Measurements 
2.1. Patch antenna characterization 
An antenna is defined by The IEEE Standard Definitions of Terms for Antennas [43] which 
defines antenna or aerial as “part of a transmitting or receiving system that is designed to 
radiate or to receive electromagnetic waves.” In other words, an antenna is a transitional 
structure between free-space and a guiding device. The guiding device or transmission line 
may take the form of a coaxial line or a hollow pipe, and it is used to transport 
electromagnetic energy from the transmitting source to the antenna, or from the antenna to 
the receiver. Microstrip antennas became very popular in the 1970s primarily for space-borne 
applications. Basic structure of the microstrip patch antenna is shown in Fig. 2.1.  
 
 
 
 
Fig. 2.1 The basic structure of the microstrip patch antenna  
 
 
Today various microstrip patch antennas are used for government and commercial 
applications. These antennas consist of a metallic patch on a grounded substrate. The metallic 
patch can take many different configurations. However, rectangular and circular patches are 
the most popular because of ease of analysis and fabrication, and their attractive radiation 
characteristics, especially low cross-polarization radiation. The microstrip antennas are low 
profile, conformable to planar and nonplanar surfaces, simple and inexpensive to fabricate 
using modern printed-circuit technology, mechanically robust when mounted on rigid 
surfaces, compatible with MMIC designs, and very versatile in terms of resonant frequency, 
polarization, pattern, and impedance. These antennas can be mounted on the surface of 
high-performance aircraft, spacecraft, satellites, missiles, cars, and even handheld mobile 
telephones. Microstrip antennas have profound applications especially in the fields of 
medicine, military, mobile and satellite communications. They are used in communication 
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systems due to simplicity in structure, low manufacturing cost, small size and ease of 
installation [46]-[57]. Their utilization was diversified by small size and light weight. As 
wireless applications require increasingly more bandwidths, the demand for wideband 
antennas operating at higher frequencies has become inevitable. Inherently microstrip 
antennas have narrow bandwidth and low efficiency, and their performance greatly depends 
on the substrate parameters, i.e. dielectric constant, uniformity and loss tangent [58]. For 
communication with satellites and space vehicles, electromagnetic wave with circular 
polarization is preferred over linear polarization. It consists of an area of metallization 
supported above a ground plane by a thin dielectric substrate and fed against the ground at an 
appropriate location. Other than the rectangular patch, the next most popular configuration is 
the circular patch or disk. 
It also has received a lot of attention not only as a single element [50], [52], [59-61], but 
also in arrays [62] and [63]. Many applications require radiation characteristics that may not 
be achievable by a single element. It may, however, be possible that an aggregate of radiating 
elements in an electrical and geometrical arrangement (an array) will result in the desired 
radiation characteristics. The arrangement of the array may be such that the radiation from the 
elements adds up to give a radiation maximum in a particular direction or directions, 
minimum in other, or otherwise as desired. Electromagnetic energy is first guided or coupled 
to the region under the patch, which acts like a resonant cavity with open circuits on the sides. 
Some of the energy leaks out of the cavity and radiates into space, resulting in an antenna. A 
micro-strip patch antenna is made of dielectric substance sandwiched by conductors of 
identical type. The front conducting layer acts as the radiating face connected to the 
microwave cable, whereas, the opposite conducting layer acts as the reference ground. The 
radiating face may be rectangular or circular with various dimensions. The antenna patch and 
the ground of this antenna used in this experiment were made of copper, as shown in Fig. 2.2. 
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(b) Photograph of patch antenna having FR4 (glass epoxy) as dielectric 
 
Fig. 2.2  5.8GHz Microstrip patch antennas. 
 
 
 
The typical electric field near the circular patch can be estimated based on Refs. 41, 46 and 
64. The field radiated by the circular patch can be obtained using the Equivalence Principle 
where the circumferential wall of the cavity is replaced by an equivalent magnetic current 
density radiating in free space. Based on cavity model and assuming a TMz110 mode field’s 
distribution beneath the patch, the normalized electric fields of z direction within the cavity 
for the cosine azimuthal variations can be written as follows (Balanis) [46].  
 
)cos()(10 ?? nkJEEz ?                          (1) 
 
Where the coordinate ρ is used to represent the fields within the cavity while Jm(x) is the 
Bessel function of the first kind of order m. ϕ’ is the azimuthal angle along the perimeter of 
the patch, Ez is electric field across gap at ρ', k is the propagation constant in the dielectric, 
and E0 is the electric field across gap given by [52]. 
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)(100 kaJhEV ?   (at ϕ=0)                        (2) 
 
Where V0 is the voltage across gap, h is substrate thickness, and a is the radius of patch. 
The electric field due to the radiated power of the circular microstrip patch antenna can be 
computed based on the radiated power expressed as: [46] 
 
? ? ???? ? dJJVPrad sincos960 2/0 2022202
2
2
0 ? ???               (3) 
 
Where α=k0ae and k0 are the free space phase constants (k0=2πfr/v0, v0=3×1010cm/s) and θ is 
elevation angle (0˚ ≤ θ ≤ 90˚), Jʹ02 and J02 are given by 
 
 J02  J0 (k0asin )  J2 (k0asin )
J02  J0 (k0asin ) J2 (k0asin )                   (4) 
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2.2. A chamber for space environment simulation 
Figure 2.3 shows the schematic of the experimental setup. Outer space is a very hostile 
place. As density of matters in space is extremely small and pressure is very low due to 
expansion of the universe, space environment is almost a perfect vacuum. Therefore, we used 
high vacuum chamber for space environment simulation. 
 
 
 
 
Fig. 2.3.  Experimental system. 
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A cryogenic pump (ULVAC) backed by two rotary pumps evacuates the chamber up to a 
pressure of 1× 10-5 Pa. The chamber has square shape with dimensions of 115 × 100 × 75 cm, 
as shown in Fig. 2.4. 
 
 
 
 
 
 
Fig. 2.4.  CRYO Vacuum chamber. 
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A Langmuir probe is installed inside the chamber to measure the plasma parameters, such as 
density, electron temperature, Debye length, etc., shown in Fig. 2.5. The probe is located at a 
distance of 10 cm from the patch antenna and 9.8 cm in the off-axial direction from the line 
connecting the dipole antenna and the patch antenna. The plasma density inside the chamber 
is measured, which varies from 1011 to 1013 [1/m3] with electron temperature between 3 and 
5.5 eV controlled by plasma power and Ar gas flow rate. During the plasma experiment, 
background pressure is 2.6×10-2 Pa. 
 
 
 
 
 
 
 
 
Fig. 2.5.  Transmission (patch) and receiving (dipole) Antennas. 
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2.3. Microwave oscillator and plasma source 
To study the discharge on the surface of patch antennas, an antenna is placed inside a 
vacuum chamber, connected through a coaxial feed-through to the microwave generator 
(MMG-604V, Microelectronic) placed outside of the chamber, which is able to oscillate at a 
fixed frequency of 5.8 GHz±15 MHz and generate power from 0?400 W. The microwave is 
introduced to the antenna through the waveguide and coaxial cable connected by a coaxial 
adapter. For safety reasons, the entire vacuum chamber with all of its accessories (plasma 
source and its power supplies, etc.) are kept inside the microwave protective shield. 
 
2.3.1. Microwave Oscillator  
Oscillators are often characterized by the frequency of their output signal. Microwave 
oscillator was used in this study. Microwave oscillator produces signals in the radio 
frequency (RF) range from 100kHz to 100 GHz. The microwave oscillator used is shown in 
Fig.2.6. Oscillation frequency of MMG-604V made by Microelectronic Co. is 
5.8GHz±15MHz, and it can generate power of 0?400W. 
 
 
       
(a) Power supply unit                    (b) Oscillation unit 
 
Fig. 2.6.  Microwave Oscillator. 
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2.3.2. Plasma source  
Plasma source consists of RF excited radical beam source, RF generator and auto tuner. An 
RF excited radical beam source and RF generator (T857-2, CREATE) are placed on the top of 
the chamber, as shown in Fig. 2.7. It makes plasma with process gas in discharge tube on 
applied RF beam source and under appropriate pressure. The radical beam allows to get 
radical from small hole (aperture) which is also used for differential exhaust. Because of high 
vacuum environment and high voltage, it can cause critical accident under improper control. 
Beam source is consisted of PNG discharge tube, water-cooled RF coil, inert gas (argon or 
xenon gas), view port for observation, and shutter. It can be attached to process chamber with 
ϕ1141CF flanges. 
 
 
 
Fig. 2.7.  Plasma source. 
 
 
T857 (500 W RF power source) can maximize RF (13.56 MHz) up to 500 W output. AC200 
V (8 A) input is the standard, but it can be customized to AC 100 V (15 A). Auto tuner is a 
matching box for impedance-matching between radical beam source, and RF power source 
for correct input of RF power to radical beam source. 
 
2.4. Data recording system 
The chamber pressure, radiated power from patch antenna and input power to the antenna 
are recorded simultaneously by a computer connected to a data acquisition (DAQ) system 
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and operated by Labview program. It is shown in Fig. 2.8.  
 
 
(a) Circuit diagram 
 
 
(b) Display by Labview program 
Fig. 2.8.  Circuit diagram & Display of data recording system. 
 
DAQ is the process of measuring electrical or physical phenomenon such as voltage, current, 
temperature, pressure, and sound using a computer. A DAQ system consists of sensors, DAQ 
measurement hardware, and a computer with programmable software. Labview software is a 
graphical programming platform for experimental data (temperature, pressure, power, etc.) 
measured by voltage or current signal. 
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2.5. Power meter and infra-red (IR) thermometer 
Input power is measured by monitoring the anode current of the magnetron and using a 
calibration table provided by the manufacturer. The radiated power from the patch antenna is 
detected by a dipole antenna, placed 10 cm away from the source, and measured by a power 
sensor (HP8481B) and power meter (HP437B, Agilent) from the exterior of the chamber. The 
power meter is shown in Fig. 2.9.  
 
 
Fig. 2.9.  Power meter (HP437B, Agilent). 
 
A CCD camera (MTV-6368ND) and IR thermometer (PI-160, Optris) were placed to detect  
light emission during discharge and monitor the temperature distribution over the antenna 
surface from the chamber exterior, as shown in Fig. 2.10. To protect the camera and the 
thermometer from interference of the microwave, the viewports (glass and ZnSe) were 
covered with a metallic mesh. The thermometer can measure temperature between 0 and 
275°C. 
 
 
 
Fig. 2.10. IR thermometer (PI-160, Optris). 
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2.6. Experiment strategy 
Assuming the case of the commercial SSPS which provides 1.4 GW power to the ground 
from huge array antenna (2km× 2km), each patch antenna is distributed in 3.6cm wavelength 
interval that emits power of 1.4 W. Therefore, the microwave power distribution peaking 
around 15W on each antenna must be considered. However, in order to know the margin of 
microwave radiation power quantitatively for the commercial SSPS, the threshold electric 
field when power is transferred from SSPS to ground must be found. Therefore, it is 
necessary to find the threshold electric field for discharge on the patch antenna with the 
optimum design that ultimately prevents the discharge. Microwave frequency used is 5.8 
GHz. The resonant frequency and radiation properties of the microstrip antenna are related to 
the patch size, surrounding environment, and substrate thickness and dielectric constant. 
Under the plasma environment, the probability of discharge is predicted to be high because of 
active movement of electrons. Thus, the optimal patch size and substrate material for SSPS 
need to be decided, and the maximum plasma density must be prepared. The plasma 
environment is similar to plasma density in the ionosphere equivalent at an altitude of 370 km. 
Therefore, the experiment is conducted while changing various specifications of patch 
antenna, such as dielectric constant, patch type, substrate material and thickness, etc. The 
following simulation method is tested in order to observe change of patch antenna due to 
plasma density difference. So the phenomena related with discharge is observed to see 
whether or not they occur on the patch antennas under various conditions and materials. In 
this experiment, microwaves are transmitted to the patch antenna through the waveguide and 
the coaxial cable. A calibrated dipole antenna connected to a spectrum analyzer (R3132, 
ADVANTEST) confirms the radiation frequency. The dipole antenna also measures the 
radiated power from the patch antenna. Both radiated and received power are measured by 
the power meter and recorded on the computer in a time domain. The microwave input power 
is increased by a 5 W step keeping each value for five minutes to check whether discharge 
occurs or not. This process is continued until the discharge is detected by a CCD camera or 
sudden pressure rise. In the case of the plasma environment, the discharge is confirmed by 
the CCD camera only. 
As the chamber walls reflect the electromagnetic waves, the dipole antenna cannot measure 
the radiated power correctly. Before the main experiment we use an electromagnetic wave 
absorbed. The received power at the dipole is 2~3 times higher than that of the case with the 
absorber. It is, however, not the intention of this experiment to measure the radiated power 
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correctly. In this experiment, the dipole antenna is used to check whether the radiated power 
increases or decreases when the discharge occurs on the patch antenna. Therefore, the 
experiments are conducted without an electromagnetic wave absorber in the vacuum chamber. 
This is also to keep the vacuum environment clean. Various cases are tested in the vacuum 
chamber, such as LEO equivalent plasma and enhanced outgassing, to verify their effects on 
the discharge on the patch antenna. Plasma is generated by Ar gas under oscillation of 13.56 
MHz. Non-conductive room temperature vulcanized silicon adhesive (RTV-S691) is painted 
to promote outgassing from the surface. RTV-S691 is chosen as it can outgas significantly by 
heating. Without the adhesive, the glass epoxy substrate alone is not enough to cause 
discharge within the power level tested. There are two types of painting, ring and disk. The 
disk type (Fig. 2.11(b)) is tried first. However, no discharge is observed. The temperature 
measured by the thermograph indicates higher temperature at the rim of the patch. Therefore, 
the adhesive is painted along the rim in a ring shape (Fig. 2.11(c)). Various microstrip patch 
antennas are used as circular, rectangular and array for comparison of radiation efficiency. In 
addition, two materials of glass epoxy and Teflon are used for establishment of discharge 
threshold power. 
 
 
 
 
(a) Normal patch antenna (FR4 as dielectric) 
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  (b) Disk type RTV painted on patch antenna 
 
 
 
 
 
(c) Ring type RTV painted on patch antenna 
 
Fig. 2.11.  Patch antenna with different preparations. 
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3. Experiment Result 
3.1. Discharge under various conditions 
In case of circular patch antenna on glass epoxy substrate, discharge phenomenon was 
observed. Thickness and radius of patch were 0.02mm and 6.8mm, respectively. Thickness of 
glass epoxy as dielectric was 0.8mm. For fr=5.8GHz, a= 6.8mm and εr=4.6, the integral in Eq. 
3 is approximately 1.0. Assuming no loss of the incident power to the radiated power from 
patch antenna, Prad is given as input power value. Then V0 is calculated from Eq. (3). The 
electric field of perimeter of the patch, Ez, can be calculated from Eqs. (1) and (2). Table 2 
lists the results of relation between the maximum electric field and voltage at the edge of the 
antenna as a function of incident power. Here, h=0.8mm was used. 
 
Table 2.  Electric field between the patch and the ground as a function of incident power. 
 
Incident power, Prad [W] V0 [V] Ez [×105V/m] 
5 84 1.0 
10 118 1.5 
15 145 1.8 
20 167 2.1 
25 187 2.3 
30 205 2.6 
35 221 2.8 
40 237 3.0 
45 251 3.1 
   
 
 
For this specific patch antenna, the maximum electric field at the edge was estimated to be 
1.14×105?V/m for the input power of 1W when radiation pattern was symmetric. 
Table 3 lists the conditions of each experiment carried out with identical patch antennas made 
of FR4. 
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Table 3.  Experimental condition for patch antennas (FR4 type). 
No. 
Pressure 
Vacuum only 
Plasma density [m-3] Painted (RTV) 
10-5 [Pa] 1011 1013 Ring Disk 
A 3.4 ○    ○ 
B 3.4 ○   ○  
C 2,700  ○  ○  
D 2,800   ○ ○  
E 2,600  ○   ○ 
F 3,200   ○   
G 2,800  ○    
H 2.2 ○     
I 2.4 ○     
J 2,600  ○    
 
 
After setting a patch antenna, microwave power was raised manually with 5W step after 
every 5 minutes interval as shown in blue line (right y-axis) in Fig.3.1 (top). The left y-axis 
(red line) shows the radiated power received by the dipole antenna. As we raised the 
microwave power, the following events were observed. As an example we show the temporal 
profile of the received power, the chamber pressure and the sample temperature for the case 
of the sample B are shown in Fig. 3.1. The temperature plotted here is the maximum value in 
measurement area of 3 × 2.5cm centered on the patch. 
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(a) Sample B 
 
Fig. 3.1.  Variation of received power and pressure according to the incident power and 
temperature in vacuum only. 
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1. As the microwave power was turned on, the received power at the dipole antenna 
instantaneously increased and decayed. This decay was probably caused by the continuous 
increase of patch antenna temperature while the microwave power was maintained steady, 
slight deformation of antenna shape, and change in permittivity due to temperature increase. 
2. The received power showed a step-wise increase as the microwave power was increased by 
5W from 5W to 10W. The pressure slightly increased as the temperature increase promoted 
outgassing from the antenna surface. 
3. As the incident power was increased from 10W to 15W, the temperature exceeded the limit 
of the thermometer (275°C) showing a very rapid increase. A thermograph image is shown in 
Fig. 3.2. It should be noted that the temperature distribution is not uniform. The pressure 
jumped by one order of magnitude. After this jump, the received power decreased to be even 
lower than the value received at the incident power of 5W. This suggests that the antenna was 
irreversibly damaged. 
 
       
(a) Before experiment                     (b) Incident power 5W 
 
        
(c) Incident power 10W                     (d) Incident power 15W 
Fig. 3.2.  Image of thermography of sample B. 
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Fig. 3.3 shows photographs of samples (Fig.3.3d is different from sample B) that were 
removed from the chamber after this phenomenon. We can clearly see that the antenna was 
physically damaged at the edge and the surface of patch. Fig.3.3b shows an enlarged 
photograph near the edge of the antenna. The melted char is visible around the edge and 
covers copper. No clear deformation of copper is seen, but the dielectric property of FR4 
substrate is inevitable. The char was not conductive when measured by a tester. The reason 
for the drop in the received power was either due to the change of the radiation pattern or the 
increase of the reflection power. 
 
 
       
(a) Normal patch antenna         (b) Enlarged photograph near the edge of (a) 
 
 
      
(c) Disk type RTV painted on patch antenna   (d) Ring type RTV painted on patch antenna 
 
Fig. 3.3.  Photograph of antenna removed from the chamber after the temperature rise. 
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For other antennas, this change of the received power occurred whenever the antenna 
surface temperature exceeded 275°C. It should be noted that the exact temperature was 
unknown after exceeding 275°C, the temperature limit of the thermometer. Glass transition 
temperature of FR4 is generally around 150°C. Therefore, the temperature of 275°C, 
although it was mostly observed on the copper surface, was high enough to cause irreversible 
damage to the antenna. When the experiments were done without plasma, the jump of the 
background pressure associated with the temperature rising beyond 275°C was always 
observed. When the plasma source was operating, the background pressure was too high to 
notice the pressure change. Practically, once this phenomenon occurs, the antenna no longer 
functions as it was designed. Therefore, the threshold condition of this phenomenon gives a 
practical limit on the microwave power injected to the antenna element. 
4. The microwave power was increased continuously. The received power showed 
complicated variation. The temperature was dropped below 150°C and the received power 
was increased once again. As the power was increased to 40W, a bright emission from the 
sample surface was observed as shown in Fig. 3.4. When the light emission was observed, the 
temperature was again off the scale and the pressure increase was far more than the previous 
pressure increase at 15W (see near 2,500 sec in Fig. 3.1). 
 
 
 
Fig. 3.4.  Discharge emitting light on the surface of patch antenna. 
 
33 
 
The received power abruptly dropped to near zero value. This was predicted as discharge. At 
the beginning of discharge, there was a weak light at the patch’s periphery. Later, it was 
gradually intensified with time. For other samples, the microwave power was raised while 
observing the discharge light emission. The light emission became brighter as the power 
increased. The dense plasma generated by the discharge absorbed the incident microwave and 
emitted the light. At the same time, the discharge plasma heated the antenna surface. The 
antenna surface material was evaporated and the chamber pressure jumped. Fig. 3.5 shows a 
photograph of sample B after the experiment. An extensive damage can be seen at the edge of 
the antenna surface. 
 
 
 
Fig. 3.5.  Photograph of the sample B after the experiment. 
 
 
In this thesis, the threshold values of the two phenomena are defined. The first one is the 
rapid increase of the temperature exceeding 275°C. This phenomenon is associated with the 
irreversible change in the received power by the dipole antenna and the abrupt pressure jump 
(when the plasma source was not operating). This phenomenon is referred to as “out-gassing” 
in this paper. The second one is the bright light emission on the antenna surface. This 
phenomenon is associated with the abrupt drop of the received power by the dipole antenna 
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and the abrupt pressure jump. This phenomenon is referred to as “discharge” in this paper. 
Table 4 lists the microwave input power when these two phenomena were observed under 
various experimental conditions. In the table, “None” means that the discharge was not 
observed up to the microwave input power of 45W. As the sample was damaged after each 
experiment, a new sample was used. Appendix shows the temporal profile of other samples. 
Table 4 shows that the outgassing on the ring type RTV painted antenna was observed when 
the incident power was 15W. The disk type RTV painted antenna showed outgassing under 
incident power between 15 and 20W. For normal patch antennas (samples H and I) without 
any additional features such as RTV paint and the plasma environment, outgassing was 
observed only under incident power of 25W. 
 
Table 4.  Comparison of discharge phenomena in different environments and FR4 substrates. 
 
Sample Condition 
Incident power [W] 
Out-gassing Discharge 
A V, DR 15 None 
B V, RR 15 40 
C P, RR 15 20 
D P, RR 15 None 
E P, DR 20 15 
F P 20 None 
G P 20 None 
H V 25 None 
I V 25 None 
J P 25 None 
 
*V : Vacuum only, P : Plasma environment, DR : Disk type RTV, RR : Ring type RTV 
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3.2. Discharge on various antennas 
Several antennas were tested as experimental verification of discharge mechanism around 
the patch antenna surface when a high power microwave is irradiated from antenna in LEO 
plasma environment. The density of plasma was set to about 1012/m3 as simulation of LEO 
plasma environment. Various patch antennas were experimented in experimental conditions 
as identical as possible to investigate the relationship between power and discharge caused by 
the difference of the patch antenna substrate parameters (thickness and dielectric constant, 
etc). Since the antenna substrate parameters are changed, causes of the discharge can be 
reviewed by comparing the measurement results of each antenna parameter. In this 
experiment, the Glass epoxy substrate (circular patch) antenna, ceramic substrate (circular 
patch) antenna, and Teflon substrate (circular, rectangular, and array patch) antennas were 
used. Discharge was monitored while increasing the microwave input power from 0 to 50W 
with 5W step at every 5 minutes. Samples no. 1, 2 (0.8mm) and 3~8 (1.6mm) have different 
thickness of substrate. Each sample has dielectric constant of 2.6 (Teflon substrate), 4.6 
(Glass epoxy substrate), and 10.5 (Ceramic substrate). RTV-S691 was painted to promote 
outgassing from the surface of sample no. 2 (the name is W1) in order to investigate what 
happens. Table 5 lists the samples of patch antenna and experimental conditions. The 
experimental conditions are summarized in Table 5 below.?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
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?
Table 5.  Various patch antennas and experimental conditions. 
?
No. Samples Name Press [Pa] Material (on patch) Environment 
1 
 
 
Red4 2.8×10-2 FR4 (ε=4.6) (None) 
Plasma  
(2.5×1011/m3, 
~275˚C, 25W) 
2 
 
 
W1 2.7×10-2 FR4 (ε=4.6) (RTV-s691) 
Plasma  
(4.2×1011/m3, 
~275˚C, 20W) 
3 
 
 
Sample 1 2.9×10-2 
CGP500 
(ε=2.6, 
VSWR=1.5, 
Teflon) 
Plasma  
(4.8×1012/m3, 
~218˚C, 60W) 
4 
 
 
Sample 2 2.6×10-2 
CGP500 
(ε=2.6, 
VSWR=2.5, 
Teflon) 
Plasma  
(3.6×1012/m3, 
~181˚C, 40W) 
5 
 
 
Sample 3 2.4×10-2 
R1705 
(ε=4.6, 
VSWR=1.5, 
Glass epoxy) 
Plasma 
(3.3×1012/m3, 
~252˚C, 25W) 
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No. Samples Name Press [Pa] Material (on patch) Environment 
6 
 
 
Sample 4 3.9 ×10-2 
AD1000 
(ε=10.5, 
VSWR=1.5, 
Teflon) 
Plasma 
(4 ×1012/m3, 
~150˚C, 30W) 
7 
 
 
Sample 5 2.4×10-2 
CGP500 
(ε=2.6, 
VSWR=1.5, 
Teflon) 
Plasma  
(2.6 ×1012/m3, 
~150˚C, 40W) 
8 
 
 
Sample 6 3.0 ×10-2 
CGP500 
(ε=2.6, 
VSWR=2.0, 
Teflon) 
Plasma 
(2.5 ×1012/m3, 
~150˚C, 50W) 
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In plasma environment, the emitting light cannot be observed due to discharge when 
incident power is 25 W in case of circular patch antenna with FR4 substrate (Red4), 20 W in 
case of the W1 antenna, and 25 W in case of sample 3. But after experiment, irreversible 
reaction phenomenon on surface of the antenna was observed as shown in Fig. 3.6. As the 
incident power was increased from 20W to 25W, the temperature exceeded the limit of the 
thermometer (from 252 °C to 275 °C) showing a very rapid increase. 
 
 
 
(a) Sample Red4 
 
 
 
(b) Sample W1 
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(c) Sample 3 
 
Fig. 3.6  Photograph of the Glass epoxy substrate antennas (samples Red4, W1, 3) after the 
experiment. 
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 Figure. 3.7 shows, the surface temperature distribution on the radiating side of the patch 
antenna. The number displayed at the top right is the highest temperature in the rectangle 
denoted by “Area1”, and the reference bar at the bottom shows the temperature scale. It 
should be noted that the temperature distribution is not uniform. 
 
     
 
    (a) Temperature distribution of the circular patch antenna surface 
 
(b) 3D temperature distribution of the circular patch antenna surface 
Fig. 3.7  Image of thermography of sample Red4 
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(a) Temperature distribution of the circular patch antenna surface 
 
 
 
 
(b) 3D temperature distribution of the circular patch antenna surface 
 
Fig. 3.8  Image of thermography of sample W1 
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(a) Temperature distribution of the circular patch antenna surface 
 
 
 
(a) 3D temperature distribution of the circular patch antenna surface 
 
Fig. 3.9  Image of thermography of sample 3 
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In plasma environment, the emitting light cannot be observed due to discharge when 
incident power is 60 W in case of circular patch antenna with Teflon substrate (sample 1), 40 
W in case of the sample2 antenna, 40W in case of rectangular patch antenna (sample 5) and 
in case of array antenna (sample 6). But after experiment, irreversible reaction phenomenon 
occurred on surface of the antenna as shown in Fig. 3.10 (a) and (b). 
 
 
 
(a) Sample 1 
 
 
 
 
(b) Sample 2 
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(c) Sample 5 
 
 
 
 
(d) Sample 6 
 
Fig. 3.10  Photograph of the Teflon substrate antennas (Samples 1,2,5,6) after the 
experiment. 
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(a) Temperature distribution of the circular patch antenna surface 
 
 
 
 
(b) 3D temperature distribution of the circular patch antenna surface 
Fig. 3.11  Image of thermography of sample 1 
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(a) Temperature distribution of the circular patch antenna surface 
 
 
 
(b) 3D temperature distribution of the circular patch antenna surface 
 
Fig. 3.12  Image of thermography of sample 2. 
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(a) Temperature distribution of the rectangular patch antenna surface 
 
 
 
(b) 3D temperature distribution of the rectangular patch antenna surface 
 
Fig. 3.13  Image of thermography of sample 5 
48 
 
 
 
(a) Temperature distribution of the array patch antenna surface 
 
 
(b) 3D temperature distribution of the array patch antenna surface 
Fig. 3.14  Image of thermography of sample 6 
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In plasma environment, the emitting light cannot be observed due to discharge when 
incident power is 30 W in case of circular patch antenna with ceramic substrate (sample 4). 
 
 
 
 
 
Fig. 3.15  Photograph of the ceramic substrate antenna (sample 4) after the 
experiment. 
 
 
 
 
a) Temperature distribution of the circular patch antenna surface 
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(b) 3D temperature distribution of the circular patch antenna surface 
 
 
Fig. 3.16  Image of thermography of sample 4 
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The results of the experiment are summarized in Table 6. In this table, received power down 
is reduction of the microwave power radiated from the patch antenna. It is one of irreversible 
phenomena of antenna caused by high temperature, and the point of microwave power 
reduction is a limiting factor of practical use. 
 
 
 
Table 6.  Various patch antennas and experimental results. 
 
Samples 
[No.] 
Pressure 
[Pa] 
Plasma 
density 
[m-3 ] 
Incident 
power with 
received 
power 
down[W] 
Incident 
power with 
discharge 
[W] 
Max 
Incident 
power 
[W] 
Max 
temperature 
[?] and 
Incident 
power 
Red 4 2.8×10-2 2.5×1011 - - 25 275, 20W 
W1 2.7×10-2 4.2×1011 15 20 20 275, 20W 
Sample 1 2.9×10-2 4.8×1012 55 - 60 218, 60W 
Sample 2 2.6×10-2 3.6×1012 30 - 45 181, 45W 
Sample 3 2.4×10-2 3.3×1012 15 - 25 252, 25W 
Sample 4 3.9×10-2 4.0×1012 15 - 30 150, 30W 
Sample 5 2.4×10-2 2.6×1012 - - 40 150, 40W 
Sample 6 3.0×10-2 2.5×1012 - - 50 150, 50W 
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Fig. 3.17 summarizes the results with temperature of antenna surface plotted against 
incident power. As microwave input power was increased by a 5W step keeping each value 
for 5minutes, the horizontal axis is equal to time elapsed since the start of the experiment, as 
well as incident power (ex; 10 minutes = 10W).  
 
 
 
 
Fig. 3.17 Variation of temperature according to the experiment time. 
 
 
Fig. 3.17 suggests that the temperature increase rate of the glass epoxy substrate antennas 
(Red4, W1, sample3) is higher than the Teflon substrate antennas (samples 1,2,5,6). 
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Received power was monitored by a dipole antenna, placed 10cm away in front of patch 
antenna. Fig. 3.18 shows the received power by incident power of each antenna. The received 
power of the glass epoxy substrate antennas (Red4, W1, sample 3) is lower and the radiation 
property is not better compared to the Teflon substrate antennas (samples 1,2,5,6). 
 
 
 
 
Fig. 3.18 Variation of received power according to the incident power. 
 
 
The patch shape of sample 1 and sample 2 is the same, but voltage standing wave ratio 
(VSWR) is different. The received power of sample 2 is lower than sample 1 as VSWR of 
sample 1 is better than sample 2. However, the temperature increase rate of sample 1 is 
higher than sample 2, and hence the radiation microwave power of sample 2 is reflected in 
the dielectric substrate, not absorbed in it. After the experiment, if antenna surface 
temperature is less than 150 degrees, physical damaging of the antenna at the edge and the 
surface of patch cannot be observed. If the temperature is more than 150 degrees, irreversible 
change occurs as soldered patch area is melted. In Fig. 3.17, assuming that the antenna is 
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used until 150 degrees, sample 6 is used until 50 W and sample 5 until 40 W. Sample 5 can be 
used at highest input power, except in array antenna (sample 6). Besides, the relation of 
received power and input power of sample 5 deviate from the linear from 35 W. The received 
power of sample 1 according to the input power is linear compared to sample 5 until 50 W. 
This means that sample 1 is good. 
 Fig. 3.19 shows the comparison of received power according to temperature of each antenna 
surface. At the temperature of 150 degrees, sample 6 has the highest received power as array 
antenna. Sample 1 and sample 5 are about the same in terms of received power, but the 
received power of sample 1 is higher than sample 5 at 150 degrees. 
 
 
 
Fig. 3.19  Variation of received power according to the temperature 
 
 
As a result of the experiment, discharge was difficult to occur on Teflon substrate compared 
with glass epoxy substrate. However, nothing occurs in the substrate at 10W. Therefore, if the 
Teflon substrate antenna is used in the demonstration satellite, there is no discharge on the 
antenna surface as power used is watts per antenna.  
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4. Discussion 
4.1. Secondary electron multipaction 
Fig. 4.1 shows the discharge inception mechanism considered in this study. When the power 
is supplied to the patch antenna, an electron is accelerated by the fringe electric field and hits 
the surface of substrate (Fig. 4.1 a). The impact induces the emission of secondary electrons. 
Fig. 4.2 shows the total secondary electron yield of the glass epoxy laminate board. The total 
secondary electron yield was measured by the secondary electron yield measurement facility 
at Kyushu Institute of Technology [65]. The first crossover of unity of the secondary electron 
yield curve is less than 25eV. If the incident electron is accelerated to energy above the first 
crossover, one incident electron can emit more than one secondary electron (Fig. 4.1 b). The 
secondary electrons are emitted and accelerated by the RF field. Note that the electric field 
has a component parallel to the antenna surface. As Ref. 35 suggests, vertical DC electric 
field attracts electrons. Multiplication of the secondary electron occurs when their incident 
energy exceeds the first crossover (Fig. 4.1 c). As the number of electrons increases, the heat 
input to a localized area by the electrons increases and the temperature increases locally (Fig. 
4.1 d). The temperature increase leads to desorption of gas from the surface. Desorption is 
also caused by the electron impact (Fig. 4.1 e). Electron multiplication proceeds further with 
contribution from ionization of the desorbed gas (Fig. 4.1 f). At one point, the localized 
temperature exceeds the melting temperature of the dielectric. The glass transition 
temperature of FR4 is about 150°C. The gas density jumps up due to evaporation. The high 
temperature causes irreversible change in the antenna. This is the “out-gas” phenomenon 
observed in the experiment. As the electron multiplication and out-gassing proceed further, 
the localized gas density becomes high enough to have microwave gas breakdown. This is 
“discharge” phenomenon observed in the experiment. 
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Fig. 4.1.  Schematics of Discharge formation 
57 
 
 
Let vmax be the maximum velocity of electron, E1 is the first crossover of the secondary 
electron emission yield. More secondary electrons can be generated only when the primary 
electron energy is higher than E1. 
1
2
max )(2
1 EvmEimpact ??                       (5) 
where   
 ?m
eEv ?max  , (where ω is angular frequency and E is RF electric field). 
In Fig.4.2(a), E1=25[eV] (on the glass epoxy substrate) forces vmax to be large than 6.2×105 
(m/s). 
 
 
 
(a) TEEY of FR4 
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(b) TEEY of Teflon 
 
 
Fig. 4.2.  Total electron emission yield (TEEY) of FR4 and Teflon laminate board. 
 
 
In Fig.4.2(b), E1=75[eV] (on the Teflon substrate) forces vmax to be large than 1.1×106 (m/s). 
The above-mentioned hypothesis was examined quantitatively. To accelerate an electron to 
energy of 25eV within a half period of the RF frequency (5.8 GHz) in the glass epoxy 
substrate, the RF electric field must be 6.2×105 V/m. The threshold incident power was 
different for each condition, but the fringe electric field is 1.8×105 V/m at 15W and 3.0x105 
V/m at 40 W (see Table 2). The values in Table 2 assumed that the antennas are symmetric. 
As the patch antennas used in the experiments are asymmetric, the maximum radiation field 
is expected to be higher than the values in Table 2 [64], in the order of 105V/m or larger. They 
are within the same order of magnitude. To accelerate an electron to energy of 75eV within a 
half period of the RF frequency (5.8 GHz) in other materials such as Teflon substrate, the RF 
electric field must be 1.1×106 V/m. This agreement is encouraging considering the primitive 
nature of discussion based only on energy. 
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4.2. Heat dissipation 
An ideal antenna for power dissipation would be an antenna that dissipates all input power. 
In other words, this refers to an antenna with 100% power transmission efficiency. However, 
there is no such antenna with 100% efficiency and energy loss is mostly shown in the form of 
heat. Actual power dissipated can be calculated when power lost as heat is known. Thus, in 
order to calculate minimum electric field needed for discharge, energy loss which occurs in 
the form of heat when power is transferred from antenna to Earth must be taken into 
consideration. The Stefan-Boltzmann Law provides the relationship between the radiated 
power of an object and its emissivity (e), temperature of radiator (T), and surface area (A).  
 
4ATeP ??                           (6) 
 
The relation between power loss and heat is defined as Eq. (7). 
 
)( 4TAeVW
dt
dTmC vol ?????                (7) 
 
where 
 
m = mass of antenna 
C = specific heat (J/g?K) 
T = absolute temperature (K) 
V = volume of cylinder (m3) 
Wvol = power loss per unit volume 
Temperature increase affects energy loss as well as damaging of antenna. Energy not emitted 
is converted to heat and becomes confined in the antenna substrate, worsening discharge 
characteristics and degenerating the antenna. Input power and rate of temperature increase 
when power is radiated from patch antenna differ according to characteristics of the substrate 
material such as heat loss coefficient and specific heat. Under same microwave power, Teflon 
shows less increase in temperature compared to FR4 due to small heat loss coefficient and 
large specific heat. 
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Table 7 compares the material properties of glass epoxy and Teflon.  
 
Table 7. The various material properties of FR4 and Teflon 
Material 
Dielectric 
constant 
Secondary 
electron 
emission 
yield 
Loss 
tangent 
(tanδ) 
Specific 
heat 
C(J/gK) 
Heat 
conductivity 
k (W/mK) 
Density 
(g/cm3) 
FR4 4.6 25eV 0.017 0.8786 0.6 1.85 
Teflon 2.6 75eV 0.002 2.0 0.25 2.2 
 
 
 
To accelerate an electron to energy of 25eV and 75eV, RF electric fields (E) of 6.2×105 V/m 
and 1.1×106 V/m are required. The power is proportional to the square of the electric field, 
and therefore, Teflon needs RF power three times as RF power of glass epoxy for multipactor. 
In addition, loss tangent of Teflon is lower than FR4 and specific heat of Teflon is higher than 
FR4. Accordingly, increasing the temperature is more difficult in Teflon than FR4 as shown 
in Fig. 3.17. 
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5. Conclusion  
5.1. Summary of works 
On-orbit demonstration of SSPS is being planned onboard a small satellite in LEO. 
Radiation of intense microwave in the dense LEO plasma raises a serious concern over 
interaction between the microwave and the plasma, such as discharge on the antenna surface.  
To investigate the possible phenomena in orbit, a laboratory experiment was performed 
where 5.8GHz microwave was emitted via a patch antenna in a vacuum chamber filled with 
plasma. From the experimental results, discharge on the antenna surface was observed by 
tests in the vacuum chamber ground when microwave power was applied to the patch antenna. 
Bright light emission caused by discharge was confirmed in the incident power range of 
20~40 W. The temperature of the patch antenna was observed to exceed 275 °C. The 
following events were observed with the occurrence of discharge. 
1) Emission on the patch antenna surface 
2) Rapid rise of pressure in the vacuum chamber 
3) Reduction of the microwave power radiated from the patch antenna 
4) Increase of the reflected power from the patch antenna 
5) Temperature climbing of the patch antenna surface  
From these phenomena, microwave energy is predicted to be absorbed by plasma as plasma 
is created by discharge on the surface of the patch antenna. Surface material is dissolved or 
evaporated by the high-temperature plasma. It is also ionized and shows discharge from gas 
that absorbs the microwave power in the plasma. In addition, the plasma changes the output 
impedance of the antenna. Reflected power increases because the impedance between the 
microwave circuit and the antenna does not match any more. 
 
5.2. Mitigation against discharge in orbit 
Discharge occurs due to ionization of gas by electrons. Therefore, generation of gas is 
important for mitigation of discharge. The following methods are proposed. 
1) To prevent outgassing by local heating, electrode must avoid shapes with which m
icrowave electric field can be concentrated easily. 
2) Substrate material should have small amount of degas. 
3) Substrate material must have good heat conductivity, large specific heat, and 
small dielectric loss to suppress temperature increase in the dielectric substrate. 
4) Impedance matching is improved to suppress loss of microwave in the antenna. 
5) Substrate material with low secondary electron emission coefficient is used to sup
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press proliferation of electrons by multipactoring. 
 
5.3. Future Works 
Since temperature of antenna surface is an extremely important factor in relation to 
occurrence of discharge, surface temperature of antenna must be suppressed to 150 degrees at 
most. However, antennas with large area cannot easily emit heat, and temperature does not 
decrease well when the antenna is facing the Sun. Heat problem of semiconductor amp that 
amplifies microwave was considered in the past, but SSPS must pay attention to temperature 
of antenna surface in the future. More detailed study on the systems and materials appropriate 
for operating conditions of orbit must be conducted with ground experiment as precise as 
possible. The authors have been studying discharging phenomenon of power radiation 
antenna and will continue to perform experiments using other antenna substrate materials that 
can be used in actual SSPS. The relationship between radiation power of antenna and 
received power is extremely important. Accordingly, it is necessary to study power 
transmission technology, antenna, and rectenna. In addition during power transmission, 
calculation of electric field upon discharge will be made more accurate by considering 
efficiency relationship of transmitted power with received power and heat dissipation. Such 
studies are expected to offer new possibilities and directivities for high efficiency SSPS. SAR 
using high intensity microwave is currently used in satellites and space radars. Therefore, 
microwave technologies currently used in SSPS can also be applied to SAR in the future.  
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Appendices 
 
Appendix I 
 
The temporal profile of the 
 
  
 
(a) Sample C 
 
 
    
 
(b) Sample E 
 
 
64 
 
    
 
(c) Sample H 
 
 
    
 
(d) Sample J 
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Appendix II 
 
Glass epoxy (FR4) Substrate 
 
No.1 (Red4) 
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No.2 (W1) 
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No.5 (Sample 3) 
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Appendix III 
 
Teflon Substrate 
No.3 (Sample 1) 
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No.4 (Sample 2) 
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No.7 (Sample 5) 
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No.8 (Sample 6) 
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Appendix IV 
 
Ceramic Substrate 
 
No.6 (Sample 4) 
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